Increasingly, advances in microtechnologies are focused on obtaining new chips intended for applications in fields such as nanomedicine and cell biology, taking advantage of the ability of microelectronics to manufacture devices with cell dimensions and a large variety of features. Here, we report a technology for the fabrication of multi-material chips, using polysilicon and gold as device layers, to be used as bi-functional cellinternalizable devices. In our case, one of the main technological challenges is to overcome the low adherence between these two materials, especially because of their small contact-area, only 9 µm 2 . Thus, in order to circumvent this difficulty a chromium adherent-layer was deposited in between. After fabrication, the devices following this design can be successfully internalized inside living macrophages without affecting their viability. The advantage of having multiple material layers in one device is the potential to render multi-tasking chips, as once they are appropriately functionalized, we can provide the chip the ability of being bi-functional. Hence, and as a proof of concept, two different proteins, Wheat Germ Agglutinin (WGA) and Concanavalin (ConA), were 3 immobilized on the chip surface through self-assembled monolayers using orthogonal chemistry. The results of this work show a well-controlled fabrication, the bi-functional capabilities and no cell-toxicity of intracellular polysilicon-chromium-gold chips. These devices have a promising future as intracellular functional platforms for biosensing, drug delivery and diagnosis.
Introduction
Nowadays, semiconductor technologies are providing new tools, that extracellularly, can sense and control parameters in cell biology [1, 2] . Relevant examples can be found from chemical to physical applications, for instance, biosensors [3] , diagnosis devices [4] , drug delivery systems [5] or even for cell mechanics [6] .
By going further and taking advantage of the miniaturization capabilities of micro-and nanotechnologies, researchers are focusing their efforts on manufacturing devices small enough to be internalized inside single living cells [7, 8] . However, to the date, the technological development for most valuable intracellular devices is currently under investigation by many researchers worldwide [9, 10] . Following this line of research, we have previously demonstrated that microchips made of only one material, polysilicon, can be fabricated and internalized inside single living cells as intracellular barcodes [11] or as nanomechanical devices, [12] always showing a low cellular toxicity. Conversely, the chemical functionalization of these devices opens up new opportunities as intracellular actuators in cell biology. For instance, we reported that chemically functionalized silicon chips act as intracellular biomolecular sensors [13] or as extracellular tags which can be adhered to oocytes and embryos at different development stages [14] [15] [16] [17] .
Multifunctional nano-and micromaterials represent huge opportunities for developing new strategies to many scientific challenges, for instance, the advantages that offer in theranostics [18] . Nevertheless, multiple chemical biofunctionalization in a single device, allowing the fabrication of multipurpose tools, still remains a challenge. Achieving multifunctionality is possible mainly using self-assembly, a synthetic tool that allows the formation of ordered arrays at the nanoscale [19] . However, coadsorption of different compounds on surfaces often results on disordered mixed monolayers [20] . Spatially controlled functionalized surfaces are desirable, and, most of the times, patterning techniques rely mainly on lithographic methodologies: either microcontact printing, photolithography or nanografting, applied on monomaterial surfaces [21] . A different approach consists of performing material selective surface modification, using a combination of orthogonal chemistry [22] on polymaterial substrates. This methodology has been successful using nanoparticles [23, 24] and surfaces [25, 26] , although it presents limitations for protein patterning and it has not been well developed on microfabricated particles [27] .
In order to avoid the inconvenient of applying multi-functionalization procedures to a single-material chip, which could ruin the efficient control on the localization of the different biomolecules, chips composed of several materials were designed, that will then take advantage of orthogonal chemistry functionalization methodologies. Accordingly, microelectronic technologies are highly-suitable candidates for the fabrication of these multi-functional devices as they offer the possibility of depositing or growing many different materials as insulators, semiconductors and metals with high precision, well-known surface chemistry and many of them being biocompatible, generating a solid foundation for them to be used in cell biology applications.
In this paper we report the technology for the fabrication of chips made from a combination of polysilicon and gold layers through common semiconductor techniques, orthogonally functionalized and bio-compatible ( Figure 1 ). Polysilicon and gold, common materials in MEMS industry, are selected as device materials because of their well-known chemistry [14, [28] [29] [30] [31] [32] and biocompatibility [33] . In addition, gold has been used widely in chemical and biochemical sensors as a signal transducer based on its unique properties [34] . Nevertheless, one of the main issues in the applicability of gold thin films in microfabrication technology is their weak adhesion to silicon substrates [35] [36] [37] . For this reason, we also consider the deposition of a chromium interlayer between the gold and polysilicon layers, due to its efficient capabilities as a material-adherent [35] [36] [37] [38] . Consequently, the intracellular biocompatibility of chromium as such device material should be also evaluated. Thus, a technological development for the fabrication of chips entirely made of chromium and their corresponding cell viability tests are also presented.
Then, orthogonal chemistry protocols, using self-assembled monolayers of thiol and silane derivatives, for gold and silicon selective bi-functionalization of a suspension of polysilicon-chromium-gold chips are also developed. The main difference between single-functional platforms and the bi-functional platforms is that the bi-functionals could combine in situ two different biological activities, such as, biosensors, biomarkers or therapeutic agents. As a probe of concept, two different fluorescence labelled lectins have been immobilized due to their important role in carbohydrates recognition. Lastly, we investigate the capability of these devices of being cell-internalizable, as well as their biocompatibility inside living cells.
Material and methods

Fabrication of Polysilicon-Gold chips.
Polysilicon and gold chips using semiconductor technologies were fabricated. The deposition of 1 μm-thick silicon oxide as a sacrificial layer on a 100 mm Ø p-type silicon wafer began the fabrication (Figure 2a A polysilicon dry etching for 25 seconds using the gold as a mask material finally defined the chips (Figure 2g ). An array of 3 μm x 3 μm chips separated 3 μm was obtained. Lastly, the chips were released by a silicon oxide sacrificial etching in vapors of 49% HF for 40 minutes, suspended in 96% ethanol, centrifuged at 14000 g for 5 minutes (MiniSpin Plus®) and collected in eppendorfs for their posterior inspections (Figure 2h ).
Fabrication of Chromium chips
The fabrication process was initiated by the deposition of 1 μm-thick silicon oxide sacrificial layer on a 100 mm Ø p-type silicon wafer (Figure 3a as adherent interlayer and, finally, a 100 nm-thick gold (Figure 4f ) deposition defined the second device layer. Next, a lift-off process was carried out for 2 minutes in an acetone solution ( Figure 4g ). The lift-off process for the fabrication of polysilicon-chromium-gold was 2 minute-long. In this case, a longer time was used in contrast to that used for chromium chips due to their bigger thickness. In addition, thanks to their perfectly-deposited gold layer over the chromium one no problem was presented to observe the exposed polysilicon device layer after the removal of the photoresist. A polysilicon dry etching for 25 seconds using the gold as a mask material defined the chips (Figure 4h ).
Chips were released by a sacrificial etching of the silicon oxide sacrificial layer in vapors of 49% HF for 40 minutes, suspended in 96% ethanol, centrifuged at 14000 g for 5 minutes (MiniSpin Plus®) (Figure 4i ). Lastly, chips were collected and stored in eppendorfs for their posterior studies. A study focused on looking at the chip loss during the fabrication process was done counting the chips using a Neubauer Chamber to improve the collection yield. Although 276 million of chips can be simultaneously fabricated in a single wafer; during the release process from the wafer we have concluded that there is a loss of 55%.
Material characterization of the chips
To characterize the three different devices, (polysilicon-gold chips, chromium chips and polysilicon-chromium-gold chips), a combination of a Scanning Electron Microscopy (SEM) and Energy Dispersive-X-ray spectroscopy (EDX) methods was carried out.
Devices were pipetted in a 2 µL-drop and deposited on a clean silicon substrate for inspection. After solvent evaporation the substrates were observed and characterize on a SEM (Carl Zeiss Auriga -Microscope GmbH, Germany). EDX analysis was also performed on pellets sections for a material identification. Images were captured by an
Oxford Instruments IncaX-act SEM and the EDX spectrums were obtained using a
PentaFET-Precision attached to the SEM equipment. . In this case, the hexadecanethiol was used instead of the mercaptoundecanoate-NHS in order to coat the gold, besides the fact that TR-WGA was not added.
Orthogonal functionalization methods of suspended Polysilicon-Chromium-Gold chips
After observing that the detection abilities of the selected proteins during simultaneous functionalization processes were not any how affected, the Texas Red-WGA and Fluorescein-ConA double functionalization protocol was adjusted for the functionalization of the Polysilicon-Chromium-Gold released chips. First, polysilicon was oxidized through piranha solution H2SO4:H2O2 (7:3), (1 mL) for 1 hour. Next, chips were centrifuged (13000 rpm, 5 min) and they were washed adding MQ water (1 mL x 3), replacing the supernatant in every centrifugation with clean water (Figure 6a and b).
Chips were incubated with an ethanol solution of mercaptoundecanoate-NHS (1 mL, 8 mM) for 3 hours and consequently washed using centrifugation with ethanol (1 mL x 3) (Figure 6c) . A PBS solution of TR-WGA (1 mL, 35 μg/ml) was added to the chips suspension and was kept overnight at room temperature. After that, chips were washed using centrifugation with PBS (1 mL x 3) (Figure 6d ). An ethanol solution of TESUD (1 mL, 135 mM) with an acetic buffer (pH = 5.2) was added to the chips suspension, and they were incubated for 3 hours at room temperature. Then, they were washed with ethanol using centrifugation (1 mL x 3) and finally dried with air ( Figure 6e) . A PBS solution of F-ConA (1 mL, 35 μg/mL) incorporating sodium cyanoborohydride (100 μL, 5 mM) was added to the chips suspension and they were kept overnight at 4ºC ( Figure   6f ). Finally, the biofunctionalized chips were washed using centrifugation with PBS (1 mL x 3) and they were kept in fresh water. Fluorescence images were obtained with a Leica DMIRB inverted fluorescence microscope.
For cell internalization studies chips were functionalized using the same procedure described above but with two different dyes instead of the proteins. Oregon green was immobilized on the gold using cysteamine and Bodipy 581/591 was immobilized on polysilicon by the aminoundecyltriethoxysilane.
Cell internalization and cytotoxicity assays of non-functionalized Chromium and
Polysilicon-Chromium-Gold chips
In order to study the impact of the presence of chromium or polysilicon-chromium-gold chips in cell toxicity, a first cell internalization study of non-functionalized chips in human macrophages was carried out.
To study chips internalization, THP-1 cells (ATCC) were seeded in 24-well dishes at a density of 10 5 cells/well and differentiated into macrophages using 0.16 μM phorbol 12- . Normality and homoscedasticity was tested using the Kolmogorov-Smirnov and Levene tests. A t-test for repeated measures was run using the presence/absence of microparticles as inter-subject factor and the incubation time as intra-subject factor. The level of significance was set at P < 0.05.
Cell internalization of bi-functionalized Polysilicon-Chromium-Gold chips
To study the internalization of bi-functional multi-material platforms,cells were seeded at a density of 105 cells/dish on 35 mm-diameter glass-bottom coverslip dishes (MatTek Corp, Ashland, MA) and induced to differentiate to macrophages as explained before. 
Results and discussions
Polysilicon-Gold chips fabrication results
As it can be observed using scanning electron microscopy, the polysilicon etching was not properly performed at the wafer level (Figure 7a ). This could be related to the fact that a non-defined gold layer was deposited because of the well-known bad and weak adherence between gold and silicon [35] [36] [37] , as gold has acted as a mask during the polysilicon dry etching and homogenous edges were necessary to clearly define the devices. After the wafer release the bad adherence of gold over the silicon layer was highly demonstrated, this fact can be seen on figure 7b and c, where the polysilicon and gold layers were completely separated. All this means that non-robust devices have been obtained. In order to circumvent the difficulty of attaching gold layers to the polysilicon platforms, an intermediated adherent-layer should be deposited in between to improve the adhesion. For instance, titanium and chromium are common materials used as efficient adherents in microelectronics and microsystems technologies. However, in this case, titanium was not suitable due to its non-resistant capability to be etched by concentrated hydrofluoric acid, a key step in the release process of our devices. Therefore, chromium was selected as an adherent material because of its HF-resistance. As a result, metallic chromium cell viability should be evaluated first, and accordingly, chromium microchips were fabricated and their bio-compatibility was analyzed. Figure 8a shows a SEM image of a 100 mm Ø p-type silicon wafer with 100 nm-thick chromium chips on its surface, demonstrating that thin mono-material chips can be successfully fabricated at the wafer level. Also, Figure 8b shows several released chromium chips after the sacrificial etching; these devices showed high robustness, homogeneous surface and a perfectly defined shape, in despite of their small thickness.
Chromium chips fabrication results
Energy-dispersive X-ray (EDX) analysis was performed for material characterization (Figure 8b and c) . In the graph included in Figure 8c , the characteristic peak of chromium signal at 0.573 KeV can be observed.
Cell viability and internalization of the Chromium chips
Observation under optical light microscopy and CLSM showed that chromium chips were efficiently internalized by cells. Several macrophages with chromium chips can be (Figure 9d and e, respectively). Finally, no statistically significant differences were found between macrophage cultures incubated with chromium chips during 1, 3 and 7 days and control cultures (Figure 9f ), demonstrating that the exposure to chromium chips did not interfere in cell viability. Thus, taken together these results we can conclude that our chips do not affect cell viability. This fact has been well documented by researchers worldwide, as health hazards associated with exposure to chromium are dependent on its oxidation state. For instance, the toxicity and carcinogenic properties of chromium (VI) are known for a long time [39] . However, water insoluble chromium metal (our case of study) is not considered as a toxic material [40] . Accordingly to these results, the use of chromium as adherent layer between polysilicon and gold was probed.
Polysilicon-Chromium-Gold chips fabrication results
Finally, polysilicon-chromium-gold devices with a high versatility and robustness were manufactured. Polysilicon-chromium-gold chips with lateral dimensions of 3 µm and with a total thickness of 530 nm (Polysilicon: 400 nm -Chromium: 30 nm -Gold: 100 nm, respectively) were successfully fabricated. A SEM image of these chips on the wafer (Figure 10a and inset is a zoom image) shows that, in this case, the polysilicon dry etching was perfectly performed, as the gold layer showed a homogenous defined shape. Here, the gold layer was deposited over the chromium layer achieving a good adhesion and ensuring a very robust device. In figure 10b it can be seen the chips after their wafer release, showing their well-defined shape and homogenous surface. EDX analysis was also performed for thorough material identification. The black and red encircled areas in (Figure 10f ). Accordingly to these results highly defined polysilicon-gold chips were manufactured using chromium as adherent layer.
Polysilicon-Chromium-Gold wafers and suspended chips functionalization and fluorescence characterization
As probe of concept, multi-material polysilicon-chromium-gold wafers and chips were functionalized using orthogonal chemistry. The different chemical reactivity of the gold and the polysilicon substrates prompted us to combine the chemistry of thiols to coat the gold surface [41] , and alcoxysilane derivatives [42] to functionalize the polysilicon side.
Both the selected thiol and silanes self-assemble efficiently on surfaces, and incorporate functional groups capable of establishing covalent bonds with biomolecules, to furnish the microchips with robust bi-functionality. Furthermore, in order to prove the immobilization of different proteins and discard protein interaction defects as aggregation, two different fluorescently labelled lectins were immobilized [43] on the gold as well as on the polysilicon surfaces. Lectins are proteins that are characteristic for their capacity to interact with different carbohydrates, playing an important role in cellular recognition [44] . In fact, our group has shown previously their use for the functionalization of monofunctional polysilicon barcodes for cell tagging. [14] [15] [16] [17] It is worth mentioning that the order of the biofuctionalization steps is highly relevant, as a surface activation of the polysilicon layer is needed to be done first, because otherwise any organic or biological element will be removed from the layer. After that, the gold layer needs to be covered before the polysilicon one to avoid unspecific chemisorptions.
Thus, double biofunctionalization was achieved in four steps. First, TR-WGA was immobilized on the gold surface, after the formation of a self-assembled monolayer using mercaptoundecanoate-NHS. Next, the silane TESUD was self-assembled on the polysilicon side, and subsequently Fluorescein green Concanavalin (F-ConA) was covalently immobilized, under reductive amination conditions. Bi-functionalization was attempted in polysilicon-chromium-gold wafers before to use the chips, in order to stablish the optimal procedure for the immobilization of both labelled proteins. Figure 11 shows a bi-functional wafer in which the gold film showed red fluorescence while the polysilicon layer exhibits green fluorescence.
After the surface functionalization processes, fluorescence microscopy was used to characterize the released double biofunctionalized chips. Figure 12 In addition, a study focused on looking at the chip loss after the several steps of the functionalization process using a Neubauer Chamber was also done. As we explained before, during the chip release process we concluded that there was a chip loss of 55%. Now, after the functionalization processes we should add a loss of 24%. Although there was an increasing loss after the performance of the different processes, the number of fabricated chips was high enough to accomplish their purpose as multi-material platforms for intracellular biosensing.
Once the double functionalization of the bi-functional chips was achieved, the internalization of the particles was aimed. In this case, two different dyes commonly used in cell biology were immobilized instead of the two lectins, because lectins could impede the chips internalization due to their high affinity for the extracellular cell membranes.
Thus, Oregon green (green emission) and Bodipy (red emission) were used to afford the visualization of their corresponding fluorescence onto the chips inside the cells.
Cell viability and internalization of non-functionalized Polysilicon-Chromium-Gold chips
In figure 13a and b it can be seen that most of the cells were alive (green fluorescence) when were observed under the fluorescent microscope and that scarce death cells (red cells) can be observed. In order to determine the location of these chips (i.e. if they are attached to the cell membrane or inside the cell), scanning electron microscopy analysis was carried out. SEM images showed that the multi-material chips were successfully phagocyted by macrophages. In figure 13c a macrophage in the process of engulfing a chip, by membrane evaginations, can be observed and some phagocyted chips can also be seen. In addition, cells exposed to chips conserved their normal morphology and membrane integrity. Finally, some cells were analyzed by CLSM to confirm cell internalization (Figure 13d and e) . Approximately, 45% of the macrophages had internalized at least one chip. Even the phagocytosis of several chips (in figure 11d and e several macrophages with 3 or more phagocyted chips can be observed) did not interfere on cell viability. No significant differences were found between macrophage cultures incubated with polysilicon-chromium-gold chips during 1, 3 and 7 days and control cultures (Figure 13f ), indicating that the incubation of macrophages in presence of polysilicon-chromium-gold chips did not affect significantly cell viability. The reduction in macrophage viability can be attributed to the normal behavior of these cells after differentiation, which attach to the substrate, stop proliferating, and finally die and not to the presence of the chips [45] .
Cell viability and internalization of bi-functionalized Polysilicon-Chromium-Gold chips
After probing that non-functionalized multi-material chips are internalized by macrophages and are not cytotoxic, a cell internalization study of bi-functional polysilicon-chromium-gold chips as intracellular platforms was performed. In figure 14a a conceptual representation of several functional polysilicon-chromium-gold chips inside a living macrophage is shown. Red or green fluorescence can be observed depending on whether the chips are facing downwards or upwards. In this case, red fluorescence signal belongs to the functionalized gold layer (Figure 14b ), while the green fluorescence signal belongs to the functionalized polysilicon layer (Figure 14c ).
Conclusions
In this paper the fabrication of bi-functional polysilicon-chromium-gold chips for intracellular applications are presented. These devices can be successfully fabricated using semiconductor technologies based on photolithographic techniques. Polysilicon and gold as device materials were selected because of their high versatility and wellknown orthogonal chemistry. However, the well-known weak adhesion of metallic gold to silicon substrates [35] [36] [37] limits its use in this type of devices. To circumvent this fabrication issue, a chromium interlayer was selected to be deposited in between, due to its well-known adherent properties and its high resistance to HF-wet etchings. As a previous step and to confirm the possibility of using metallic chromium to manufacture cell-internalizable devices, chips entirely made of this material were manufactured and their cell-viability was evaluated and confirmed. In the light of these results, an ultra-thin (30 nm) chromium interlayer was deposited in between polysilicon and gold device layers causing a notably increased in the adherence. Finally, robust and perfectly defined polysilicon-chromium-gold chips were fabricated. In order to provide the multi-material devices with bi-functional capabilities, two different lectins were immobilized. This doubled functionalization was successfully performed on both wafers and suspended chips using orthogonal chemistry, in order to discern if the detection abilities of the selected proteins were affected by the simultaneous functionalization processes.
Fluoresceinamine labelled Concanavalin and the Texas red labelled Wheat Germ
Agglutinin were used to selectively bi-functionalize polysilicon and gold layers through self-assembled monolayers. Fluorescence microscopy was used for unambiguous characterization of the bi-functionalized chips. Internalization and cell-viability tests with non-functionalized chips were also performed to ensure their cell viability for future bioapplications. The obtained results showed high cell viability when they were compared with control cell cultures. Eventually, a cell internalization process with bi-functionalized multi-material chips was successfully performed.
In summary, in this paper we provide a simple but effective method to manufacture polysilicon-chromium-gold devices as bi-functional cell-viable platforms for future biosensors and intracellular drug delivery systems, specifically we are actually involved in different combinations of an apoptosis inductor and a ROS sensor. nm polysilicon layer were deposited as a device layer. d) 2 µm-thick photoresist layer was spun and exposed to UV light to define the devices. e) A 100 nm-thick gold layer was deposited by sputtering method as a second-device layer. Then, f) a lift-off process was performed. g) The polysilicon layer was pattern using the gold layer as a mask to define the chips. Finally, h) the polysilicon-gold devices were released in HF vapors and suspended in ethanol. a 100 nm-thick gold layers were deposited by sputtering process as an adherent and second device-layer, respectively. g) A lift-off process was performed and h) the polysilicon layer was pattern using the chromium and gold layer as a masks. Finally, i) the polysilicon-chromium-gold chips were released in HF vapors and suspended in ethanol. 
